The cerebellum plays a major role in not only modulating motor activity, but also contributing to other functions, including nociception. The intermediate hemisphere of the cerebellum receives sensory input from the limbs. With the extensive connection between the cerebellum to brain-stem structures and cerebral cortex, it is possible that the cerebellum may facilitate the descending system to modulate spinal dorsal horn activity. This study provided the first evidence to support this hypothesis. Thirty-one wide-dynamic-range neurons from the left lumbar and 27 from the right lumbar spinal dorsal horn were recorded in response to graded mechanical stimulation (brush, pressure, and pinch) at the hind paws. Electrical stimulation of the cerebellar cortex of the left intermediate hemisphere significantly reduced spinal cord dorsal horn neuron-evoked responses bilaterally in response to peripheral high-intensity mechanical stimuli. It is concluded that the cerebellum may play a potential antinociceptive role, probably through activating descending inhibitory pathways indirectly.
dorsal horn neuron; antinociception; descending inhibition THE CEREBELLUM IS TYPICALLY known for playing a major role in modulating motor activity. However, it also contributes to other functions (Strick et al. 2009 ), including motor learning (Doyon et al. 2002; Doyon and Benali 2005; Mason and Iversen 1977) , pure cognitive function (Fiez 1996; Glickstein and Doron 2008) , antinociception (Dey and Ray 1982; Siegel and Wepsic 1974) , as well as pronociception (Chambers and Sprague 1955, 1975; Saab and Willis 2003) . The role of the cerebellum in pain processing has been summarized (Moulton et al. 2010) . Imaging studies have consistently reported the cerebellum to be active during the perception of pain for humans (Casey et al. 1994 (Casey et al. , 1996 Svensson et al. 1997; Wall 1984) . Animal studies also demonstrated that the cerebellum plays a role in pain processing. Electrical stimulation of the saphenous nerve at C-fiber intensity can evoke cerebellar cortical potential bilaterally (Ekerot et al. 1987a (Ekerot et al. ,b, 1991a Wu and Chen 1990) . Cerebellar cortical neuronal activity can be triggered by both visceral and somatic stimulation . On the other hand, by stimulating intermediate anterior lobe areas and related rostral dentate-interpositus nuclear-brachium conjunctivum regions in the cerebellum, a higher pain threshold of tail shock in squirrel monkeys was observed (Siegel and Wepsic 1974) . A reduction of the excitatory effects of dorsal root stimulation was also found in cats when the anterior cerebellar vermis or dentate nucleus was stimulated (Hagbarth and Kerr 1954) . In an interesting rat study, either electrical stimulation or microinjecting morphine into the anterior cerebellar cortex induced analgesic effects. Injection of naloxone intraperitoneally or partial lesion of the anterior cerebellar cortex attenuates the duration of morphine-induced analgesic effect (Dey and Ray 1982) . This suggests that the anterior lobe of the cerebellum is an important antinociceptive brain region.
It is unclear how the cerebellum produces its analgesic effects. The intermediate hemisphere of the cerebellar cortex contributes to sensory processing from the limbs. Stimulation of the intermediate hemisphere leads to direct and indirect excitement of Purkinje cells, which project to the emboliform nucleus (EN; Voogd and Glickstein 1998) . In turn, the EN sends projections to brain-stem structures (Teune et al. 2000) that are related to descending spinal antinociception mechanisms. As the first step to test this hypothesis, spinal dorsal horn neurons were recorded in response to peripheral mechanical stimuli while the left intermediate hemisphere of the anterior cerebellar cortex was stimulated.
MATERIALS AND METHODS
Sixteen male Sprague-Dawley rats (300 -350 g) were used in this project. All surgical procedures were approved by the University of Texas at Arlington Institutional Animal Care and Use Committee. The procedures were in accordance with the guidelines published by the Committee for Research and Ethical Issues of the International Association for the Study of Pain (Zimmermann 1983) .
Animal preparation. Animals were anesthetized using sodium pentobarbital (50 mg/kg ip). As described previously (Senapati et al. 2005a,b) , the spinal cord was exposed by performing a 3-to 4-cm laminectomy over the lumbosacral enlargement. A cannula was inserted in the trachea for artificial respiration. Animals were maintained at a deep level of anesthesia by intravenous administration of 50 mg of sodium pentobarbital at a rate of 1.2 ml/h. The pupil reflex was monitored periodically to ensure proper depth of anesthesia. The spinal cord was immobilized in a stereotaxic frame and covered with mineral oil. Body temperature was maintained at 37°C using a feedback-controlled heating pad and rectal thermal sensor probe.
Data acquisition. A 10-to 12-M⍀ tungsten microelectrode (FHS, Brunswick, ME) was used for single-unit extracellular recordings in the L4, L5, and L6 regions of the spinal cord dorsal horn. Spinal dorsal horn neurons were identified by mechanical stimulation of a receptive field in the plantar region of hind paws. Responses to intensity-coded mechanical (brush, pressure, and pinch) stimulation were recorded using CED 1401plus and Spike2 software program (CED) after amplified by DAM80 differential amplifier with low filter set at 300 Hz and high filter at 10 kHz.
Measurement of mechanical stimulation-evoked responses. Widedynamic-range (Chung et al. 1986 ) spinal dorsal horn neurons were identified and isolated by mechanical stimulation of the receptive field in the plantar region of the hind paw by a Burleigh micromanipulator (Mississauga, Canada) . Following identification of a differentiable cell, a set of three mechanical stimuli of increasing intensity (in the order of brush, pressure, and pinch) was applied to the receptive field as control. Brush was delivered by a 1-cm-wide camel hair brush. Pressure and pinch were delivered by applying a venous bulldog clamp of 6 cm long (0.54 psi) and an arterial bulldog clamp of 3 cm long (9.35 psi), respectively (Ativanichayaphong et al. 2008) . Each stimulus was applied for 10 s with an interstimulus interval of 20 s. Additionally, three sets of mechanical stimuli in the same pattern were applied while three levels of simultaneous electrical stimuli were delivered to the cerebellar cortex. This was followed by a set of mechanical stimuli without cerebellar stimulation, referred to as recovery. The response to each mechanical stimulus was measured as the number of action potentials per second.
Cerebellum stimulation. After craniotomy, a bipolar concentric stimulating electrode (SNE-100; Rhodes Medical Instruments) was placed in the left intermediate hemisphere of the anterior cerebellar cortex (12 mm caudal to bregma, 2.0 mm lateral left of the midline, and 1.0 mm deep) under direct visualization. The center lead was connected to the cathode (ϩ) and the peripheral lead was connected to the anode (Ϫ) of the output of the stimulator. Stimulation was delivered by a Grass Stimulator (Model S88; Grass Technologies, West Warwick, RI) and a constant voltage stimulation isolation unit at 300 Hz, 0.5-ms pulse width, and 5, 10, and 20 V in intensity for 10 s. This combination of parameters was based on our stimulation parameters applied on the primary motor cortex and primary somatosensory cortex and a few preliminary tests. Additionally, in a control group, a stimulating electrode was placed in the midline vermis area.
Histological verification of stimulation site. At the end of the experiment, the animal was euthanized. The brain was obtained and immersed in 10% formaldehyde solution. Serial coronal sections (80 m) of the cerebellum were stained with thionin for histological verification of the stimulating electrode track. The site of the stimulating electrode was localized under light microscope.
Data analysis. The stored digital record of unit activity was retrieved and analyzed offline. For single-neuron recordings, responses to mechanical stimuli applied to the receptive field for 10 s, with or without cerebellum stimulation, were calculated to obtain the mean activity (spikes per second). For each neuron, the mean activity for the first 10 s was calculated as baseline activity. The baseline activity was subtracted from the mean response to brush/pressure/ pinch to yield evoked activity. Statistical significance was tested by a mixed ANOVA (2 sides ϫ 3 spinal levels ϫ 5 electrical conditions ϫ 3 mechanical stimuli), followed by post hoc Fisher least significant differences test for significant changes between individual conditions (STATISTICA; StatSoft). A change was judged significant if P Ͻ 0.05. All values are presented as means Ϯ SE.
RESULTS
Fifty-eight spinal dorsal horn neurons from lumbar regions 4, 5, and 6 on the left (n ϭ 31) and right (n ϭ 27) sides were recorded in response to graded mechanical stimulation (brush, pressure, and pinch) at their respective receptive fields while a stepwise electrical stimulation (300 Hz, 0.5 ms, at 5, 10, and 20 V) was applied in the left intermediate hemisphere of the anterior cerebellar cortex (see examples in Fig. 1 ). The stimulus parameters were chosen based on a preliminary study in 8 Note: significance is indicated by "*" for pressure and "ϩ" for pinch compared with the control, respectively. "*" or "ϩ": P Ͻ 0.05; C, control; R1, recovery at 1 min; R2, recovery at 10 min. Fig. 3 . A-H: summary of the evoked responses to brush, pressure, and pinch at 5 electrical stimuli (0 V for control, 5, 10, 20, and 0 V for recovery) for ipsilateral and contralateral sides. On each side, it is further grouped by spinal cord level (e.g., LL4 and RL4 indicate left and right lumbar 4 level, respectively), and pooled data for ipsilateral (D) and contralateral (H) side are shown. Note: significance is indicated by "*" compared with the control. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001. dorsal horn neurons from 6 rats ( Fig. 2) by changing stimulus intensities (5, 10, 20, and 30 V) and frequencies (5, 10, 20, 40, 100, 200, and 300 Hz). It was found that stimulation at 300 Hz up to 20 V would serve at the optimal combination. Therefore, additional data were collected using these parameters.
Ipsilateral Contralateral
The inhibitory effect of cerebellar stimulation on spinal cord dorsal horn neurons was to examine differences between evoked responses for control and electrical stimulation. The overall baseline activity for these 58 dorsal horn neurons was 2.69 Ϯ 0.70 (range: 0 to 20.65). For the omnibus test, there were no significant differences of evoked activity between sides of the spinal cord, F(1, 41) ϭ 0.01, P ϭ 0.94, left (24.63 Ϯ 1.10), right (23.89 Ϯ 1.17); there was no significant difference among different levels of the spinal cord, F(2, 41) ϭ 1.49, P ϭ 0.24, L4 (36.30 Ϯ 1.59), L5 (21.59 Ϯ 1.17), L6 (25.19 Ϯ 0.92); there was a significant effect for electrical stimulation, F(4, 164) ϭ 27.69, P Ͻ 0.001, control (32.55 Ϯ 2.27), 5 V (19.47 Ϯ 1.59), 10 V (24.09 Ϯ 1.57), 20 V (18.02 Ϯ 1.30), recovery (27.27 Ϯ 1.86); there was a significant effect for mechanical stimulation, F(2, 82) ϭ 27.49, P Ͻ 0.001, brush (11.98 Ϯ 0.90), pressure (25.58 Ϯ 1.32), pinch (33.03 Ϯ 1.46); and the interaction between electrical and mechanical stimulation was significant, F(8, 328) ϭ 7.64, P Ͻ 0.001.
Since there was no difference between the levels (lumbar 4 -6) of the spinal cord ( Fig. 3 and Table 1 ), data were pooled for means of each side. The evoked responses to brush, pressure, and pinch at control, 5, 10, and 20 V, and recovery are summarized in Fig. 3 and Table 1 for side-by-side comparison. When data were pooled across three lumbar levels on each side, there was significant inhibition of evoked responses to pressure and pinch on both sides when electrical stimuli of the cerebellar cortex were delivered. However, there were no changes to brush-evoked responses except at 20 V on the contralateral side. Fig. 4 . Summary of the evoked responses to brush, pressure, and pinch at electrical stimuli in the vermis at 5 levels (control, 5, 10, and 20 V, and recovery) . Note: significance is indicated by "*" compared with the control. *P Ͻ 0.05 and ***P Ͻ 0.001. (n ϭ 9) (n ϭ 5-8) (Left; n ϭ 24-31) (n ϭ 6-9) (n ϭ 7-8) (n ϭ 10) (Right; n ϭ 23-27) Values are means Ϯ SE. The bold, italic, and underlined data indicate significant change compared with the corresponding control. LL and RL indicate left and right lumbar levels, respectively.
In an additional control group (27 neurons from 2 rats), the stimulating electrode was placed in the midline in the vermis. With the same stimulation parameters, the spinal dorsal horn neuronal evoked responses to brush, pressure, and pinch were less inhibited (Fig. 4) . There was an overall significant effect for electrical stimulation, F(4, 104) ϭ 5.40, P Ͻ 0. 001, with control (30.71 Ϯ 4.04), 5 V (28.26 Ϯ 3.95), 10 V (29.83 Ϯ 4.26), 20 V (26.13 Ϯ 3.63) , and recovery (33.71 Ϯ 4.86). There was an overall significant effect for mechanical stimulation, F(2, 52) ϭ 32.19, P Ͻ 0.001, with brush (15.05 Ϯ 2.73), pressure (33.77 Ϯ 4.55), and pinch (40.40 Ϯ 5.58); and the interaction between electrical and mechanical stimulation was not significant, F(8, 208) ϭ 0.92, P ϭ 0.50. Post hoc analysis (Fisher least significant differences) revealed significant changes at 5 V for pinch and 20 V for both pressure and pinch (Fig. 4) .
DISCUSSION
These data indicate that cerebellar stimulation can induce inhibition of the dorsal horn neuron-evoked responses to peripheral high-intensity input such as pressure and pinch. It could be achieved through a descending modulatory mechanism based on the known cerebellar connections (Fig. 5) .
When the cerebellar cortex is stimulated, Purkinje cells are excited directly and/or indirectly through parallel fibers. This leads to the inhibition of deep cerebellar nuclei, particularly the EN for this study. In addition, projections from deep cerebellar nuclei to various structures in the brain stem (Teune et al. 2000) were demonstrated by injection of anterograde tracers, Phaseolus vulgaris leucoagglutinin or biotinylated dextran amine. These targeted brain-stem structures are widespread, including structures that are involved in descending inhibitory system (Fields and Basbaum 1984) , such as 1) lateral, medullary, parvocellular, lateral paragigantocellular, and giantocelluar reticular nuclei in the medulla oblongata (Fields et al. 1975) ; 2) red nucleus (Basbaum and Fields 1979; Huisman et al. 1981; Liu et al. 1991 ), parabrachial nucleus (Chiang et al. 1994 , 1995 Meng et al. 2000; Terenzi et al. 1992) , dorsal raphe nucleus (Fields et al. 1977; Follett and Gebhart 1992) , periaqueductal gray (Reynolds 1969) , and pretectal nucleus (Rees et al. 1995; Rees and Roberts 1993; Villarreal et al. 2004; Wilson et al. 1991) in the mesencephalon; and 3) lateral and dorsal hypothalamus area (Condés-Lara et al. 2008 , 2009 Cox and Valenstein 1965; Holden et al. 2005 Holden et al. , 2009 Holden and Pizzi 2008; Lopez et al. 1991) and thalamic nuclei (Duncan et al. 1998; Gybels 2001; Hosobuchi et al. 1975; Marchand et al. 2003; Owen et al. 2006 Owen et al. , 2007 Yang and Follett 2003) in the diencephalon. In line with our finding, by stimulating intermediate anterior lobe areas and related rostral dentateinterpositus nuclear-brachium conjunctivum regions in the cerebellum, a higher pain threshold of tail shock in squirrel monkeys was observed (Siegel and Wepsic 1974) . The potential explanation is that there are projections of the brachium conjunctivum to the reticular formation of the mesencephalon, pons, and medulla, a part of the descending inhibitory center (Cohen et al. 1958; Hagbarth and Kerr 1954; Hillman and Wall 1969; Melzack and Wall 1965; Whiteside and Snider 1953) . By activation of these descending inhibitory systems, neurotransmitters, such as endorphin, serotonin, and norepinephrine, can be released into the spinal cord to achieve an inhibitory effect (Basbaum and Fields 1979; Millan 2002) . Although the exact underlying mechanisms are not clear, the potential explanation of our finding could be that excitation of the cerebellar cortex leads to inhibition of EN, which excites inhibitory interneurons in those brain-stem nuclei. Thus less input from EN leads to disinhibition of those critical brain-stem nuclei, resulting in increased descending inhibition.
One potential pitfall of this study is the possibility of current spread at 300 Hz, 0.5-ms pulse width, and 5, 10, and 20 V in intensity for 10 s. A control group was established by stimulating the vermis with the rationale that the "control site" should not be too far from the intermediate area but anatomically and functionally distinct enough. Although it was not a perfect control site, we did observe a much smaller effect when the same stimulation parameters were used. In addition, indirect evidence may lead us to believe our stimulation parameter might not be too off the range. Since no pancuronium (a muscle relaxant) was used, the possible current spread could be far enough that it might invade the motor system, and we would have seen movement during electrical stimulation, but that was not the case in our experiment. Otherwise, we would not be able to collect data because of loss of neurons due to movement. However, we could not absolutely exclude the possibility of current spread to other unknown nearby structures that might be more potent than the target we selected.
Conclusion. Electrical stimulation of the spinocerebellum in the intermediate hemisphere reduces wide-dynamic-range responses to high-intensity mechanical stimuli. The cerebellum may play a potential antinociceptive role, probably through activating descending pathways indirectly.
